Although the Andes have long been occupied by people, habitat loss, fragmentation through deforestation, and other human activities such as introduction of invasive species have increased drastically during the past century. The Ecuadorian Andes are considered a biodiversity hotspot. However, the fauna and threats to the region are poorly studied, and understanding of factors that shape the distribution of species in habitats disturbed by human activities is needed to identify and mitigate region-wide threats to wildlife. We evaluated factors associated with patterns of occurrence of Andean carnivores in landscapes of the northern Ecuadorian Andes, particularly habitat loss, fragmentation, and occupancy of domestic dogs, and determined whether thresholds occurred for these factors beyond which carnivore occurrence declined markedly. Five study areas (each 20 x 20 km) were surveyed with a total effort of 2,800 camera trap nights. Occupancies of four of the eight carnivores known from the region were best predicted by occupancy of domestic dogs rather than measures of habitat loss and fragmentation [Andean fox (Pseudalopex culpaeus), puma (Puma concolor), striped hog-nosed skunk (Conepatus semistriatus), and Andean bear (Tremarctos ornatus)]. The two largest carnivores, puma and Andean bear, demonstrated significant threshold responses to the presence of domestic dogs at two sites. Four smaller carnivores were recorded too infrequently to model occupancy, and at least two of these species appear to be in decline. The magnitude of domestic dog impacts on native species in tropical areas like the Ecuadorian Andes currently are not recognized. Results of our study indicate that small and large carnivores are in urgent need of conservation and clearly point to dogs as a significant threat to a broad range of native species.
Introduction
Mammalian carnivores are thought to be particularly vulnerable to local extinction in disturbed landscapes because of their large home ranges, low population sizes, and direct persecution by humans [1, 2] . Habitat loss and fragmentation often lead to decreased population size, increased isolation, and edge effects that increase extinction risk [3] [4] [5] . Landscape change also often is accompanied by other human disturbances such as hunting and introduction of domestic animals and other invasive species that affect carnivores [6, 7] . For example, retaliation killing of carnivores that prey on livestock is common in human-dominated landscapes across the globe [8, 9] . Substantial evidence also indicates that domestic dogs (Canis lupus familiaris) are a significant threat to wildlife [10, 11] . Domestic dogs are the most abundant carnivore on Earth and have the potential to have large impacts on native carnivores because they can function as predators and competitors, as well as spread diseases [10, 11, [12] [13] [14] [15] [16] . Despite the long history of research on carnivores, particularly in temperate regions, the ecology of the vast majority of carnivore species and their responses to human-caused disturbances are poorly known, resulting in a significant gap for design of strategies to mitigate threats to these species.
In the heart of the Tropical Andes region, the Ecuadorian Andes is one of the most biologically diverse regions on Earth, and contains one of the least studied mammalian faunas in South America, including at least eight species of carnivores (e.g., [17, 18] ). In contrast to many lowland tropical regions where large-scale landscape change is relatively recent, the Ecuadorian Andes have long been occupied by people and, therefore, are cultural landscapes. However, habitat loss through deforestation and human development has been severe in the Ecuadorian Andes throughout the past century, and land conversion for agriculture and human population growth has further increased in recent decades [19] . Now 80% of the native habitat below 3,000 m has been converted to other uses [20, 21] . Intentional killing of carnivores, primarily pumas (Puma concolor) and Andean bears (Tremarctos ornatus), because of conflict and cultural intolerance also has increased recently in some parts of the Ecuadorian Andes [22] . In addition, domestic dogs are ubiquitous throughout the region, including free-ranging dogs that are unconfined but owned or associated with human settlements, and feral dogs that are completely wild and independent of human sources of food and avoid contact with people [12, 16, 23] . As a result of high anthropogenic impacts and biological diversity, the Ecuadorian Andes are designated as a hotspot of endangerment for the highly endemic biota in the region [24] . However, information on Andean mammal ecology is largely anecdotal from reports and descriptions by naturalists and local hunters, and some species are only known from few museum records [24] . Thus, the status of most mammal species and their response to anthropogenic changes are unknown [16] .
Our objective was to identify key factors that influence occurrence of carnivores in the fragmented landscapes of the northern Ecuadorian Andes as a basis for understanding regionwide threats to these species. At least eight species of native carnivores occur in the Ecuadorian highlands, including species at all levels of extinction risk which suggests that these species may exhibit a range of responses to human disturbance [25, 26] . Differences in habitat specialization among carnivores have been proposed as an important determinant of extinction risk because species that are habitat specialists are more prone to extinction from changes in their habitats than are habitat generalists [9, 27] . We hypothesized that habitat loss and fragmentation would be most important in explaining occupancy of habitat specialists, and that other factors not directly related to landscape amount and configuration, such as presence of domestic dogs, might be particularly important for habitat generalists. In addition, we examined whether thresholds values, beyond which carnivore occurrence declines markedly, occur in key explanatory factors. Thresholds are important for management because slight changes in conditions near critical thresholds could produce large changes in abundance and distribution of wildlife species [28] . forest patches, native shrubland and grassland patches are interspersed with human settlements, roads, wetlands, and streams [30] . Climate is highly aseasonal, with a mean of 2000 mm annual precipitation, and an average monthly temperature of 14˚C [31] .
Five study areas ranging from 2800-3800 m above sea level (each 20 x 20 km) were sampled in this study (Fig 1) . El Morán (00˚47'58"N, 78˚00'06"W) and Fuya-Fuya (00˚08'06"N, 781 8'31"W) are located along the western Andean mountain range, and Filo Curiquingue (001 1'32"N, 77˚59'55"W), San Marcos (00˚06'19"N, 77˚57'43"W) and Guaytaloma (00˚19'31"S, 78˚08'53"W) are located along the eastern mountain range. The percentage of native vegetation remaining in the five study areas ranges from 56% in Fuya-Fuya to 73% in Filo Curiquingue [32] and comprises Andean forests, páramo grasslands, and páramo shrublands. Kichwa communities are located along the borders of protected areas, and base their livelihood on agriculture and livestock [21, 33] , which results in a fragmented landscape with native vegetation (forest, shrubs, and grasslands) embedded in a matrix of livestock grazing areas (mainly cows and sheep) and agricultural land (mainly corn and potatoes).
Eight species of native carnivores occur in the highlands of the northern Ecuador: Pampas cat (Leopardus colocolo), puma (Puma concolor), Andean fox (Pseudalopex culpaeus), Andean bear (Tremarctos ornatus), Colombian weasel (Mustela felipei), long-tailed weasel (Mustela frenata), striped hog-nosed skunk (Conepatus semistriatus), and mountain coati (Nasuella olivacea). Two of these species (long-tailed weasel, striped hog-nosed skunk) are small (<10 kg) habitat generalists. Three species are small habitat specialists (pampas cat-high altitude grasslands, mountain coati-Andean forest, Colombian weasel-riparian habitats in Andean forest). The Colombian weasel and the mountain coati are endemic to the Tropical Andes (~2000-5000 m above sea level). Two other species (puma, Andean fox) are large (>10 kg) habitat generalists, and the Andean bear is a large habitat specialist primarily found in high altitude grasslands and cloud forest [22, [34] [35] [36] [37] . Ranges of these eight carnivores coincide with areas of high human population density in Ecuador [25] . According to the IUCN Red List of Threatened Species [38] , the Andean bear and the Colombian weasel are Vulnerable, and the mountain coati is Data Deficient. At the national level, the Ecuadorian Red List of Endangered Mammals [26] categorizes the Andean bear as Endangered; the pampas cat, puma, Andean fox, and mountain coati as Vulnerable; and the Colombian weasel as Data Deficient.
Carnivore surveys
Between April 2009 and July 2010, we conducted presence-absence surveys of native Andean carnivores and domestic dogs using camera traps (Bushnell Trail Sentry STD, Bushnell Corp., Overland Park, KS, USA). We subdivided each study area (400 km ; and in each cell, we randomly placed seven camera traps at least 1000 m apart (for a total of 112 camera traps in each study area). We chose random sites rather than targeting specific features that might be used by carnivores (e.g., trails) in order to avoid potential biases associated with differential use of these features by different species. When a randomly selected site was inappropriate (e.g., located on a rocky cliff), we selected the closest appropriate site to place the camera. We used commercially available carnivore urine as an attractant (http://www.predatorpee. com), and we randomly chose red fox or bobcat urine for each camera trap. To create capture histories for each species, we employed the camera traps for five consecutive days (560 trapnights per study area) and recorded detection/non-detection for each day for each camera.
Environmental variables in occupancy models
To identify environmental factors related to the presence of native carnivores and domestic dogs, we developed a series of occupancy models with variables that represented habitat loss and fragmentation and other human disturbance, including occupancy of dogs for models of native carnivores (Table 1) . Metrics for loss and fragmentation of native habitat were assessed at three spatial scales: 1) site-radial distance of 20 m from the camera trap; 2) home range scaleradial distance of 1000 m from the camera trap for small species (<10 kg), and 5000 m for large species (>10 kg); and 3) landscape scale-400-km 2 study area. We included distance of camera traps from the nearest house and road as surrogates for other human disturbance (e.g., noise and traffic) that might negatively impact carnivores. The presence of dogs also often is inversely related to distance from human habitation [39] . However, in our study region, relatively pristine areas (e.g., national parks) contain populations of feral dogs that are not associated with humans [16] . Thus we did not expect to encounter a simple inverse relationship between presence of dogs and distance from houses and roads, and we examined this relationship in occupancy models for dogs. Where subsistence hunting occurs, hunting pressure also often is greatest near human settlements [40, 41] and, thus, correlated with other human disturbance. However, local people throughout the northern Ecuadorian Andes do not hunt game for subsistence but rather rely on domestic animals for protein. Hunting of carnivores (primarily Andean bears and pumas) in retaliation for livestock depredation has been reported in the Ecuadorian Andes [22] but we found no evidence of hunting in our study areas (e.g., no signs of hunters or photographs of hunters in camera traps) and, thus, did not consider this factor in our assessment. Environmental variables were measured in the field and from existing GIS layers. We determined land-cover type (native and non-native vegetation) at each camera site and extracted other variables for habitat loss and fragmentation and distance to the nearest house or road (Table 1 ) from digital maps (scale 1:50,000) of vegetation and topographic features [32, 42] with FRAGSTATS 3.0 software [43] . Highly correlated variables (r > 0.5) for habitat loss and fragmentation were omitted from occupancy analyses ( Table 1, S1 Table) . For measures of habitat loss, we used proportion of habitat that was native (PRONH) at the home range scale and six categories of land cover (LANCOU) at the site scale (Table 1) . Native vegetation included grass páramo, shrub páramo and Andean forest, and non-native vegetation included pasture with introduced grasses, crops and forest plantations. For an index of fragmentation, we used number of patches of native vegetation (NUMPAT). Occupancy rates of domestic dogs (DOG), modeled from the camera trap data, were included as a measure of presence of this species [44] . 
Modelling approach
We evaluated the influence of habitat loss and fragmentation, presence of dogs, and other human disturbance on carnivore occupancy (Ψ) and detectability (p) using two approaches. First, we modeled site-based occupancy for each study area with single-species, single-season occupancy models [45] . For each species, we modeled detection probability using the global model of occupancy, and then the best detection models were used with occupancy models [46, 47] . Detection probability of both Andean carnivores and dogs was modeled as a function of lunar cycle (MOON) and the two types of attractants (red fox and bobcat urine, LURE). Moon phase affects carnivore behavior and activity because moon brightness alters detectability of both predators and prey [48, 49] . Use of attractants in carnivore surveys typically increases detection probability of species of interest, and generally does not affect movement patterns, abundance or temporal activity patterns [50, 51] . For detectability and occupancy, we included an intercept model with no covariates among the set of candidate models, and, for each species and site, we constructed occupancy models with all single predictor variables and a model with an interactive term for habitat loss and fragmentation (PRONH Ã NUMPAT). Values of the Akaike Information Criterion corrected for small sample size (AICc) were used to rank candidate models [52] . We assessed the fit of our global models with a goodness-of-fit test based on Pearson X 2 statistic and bootstrapping [53] . Occupancy modeling was performed with the PRESENCE 3.1 software [54] . We also constructed a single season, two-species model, as a complementary analysis, to evaluate whether occurrence of native carnivores is related to presence of domestic dogs [55, 56] . We estimated two parameters: ϕ, a ratio of how likely domestic dogs and native carnivores are to co-occur at a given site compared to what would be expected if they were distributed independently; and δ, a ratio of how likely domestic dogs and native carnivores are to be detected at a site occupied by both species compared to the expected detection if detection of the two species were independent [56] . When species occur independently, ϕ % 1. When species co-occur less often than expected, ϕ < 1, and when species co-occur more often than expected, ϕ > 1. Likewise, when δ %1, detection of the two species is independent, δ < 1 observers are less likely to detect one species if the other is detected at the site, and δ >1 observers are more likely to detect one species if the other is detected [55, 56] . Estimates of ϕ and δ for all species in each site were based on null models without covariates. The two-species modeling was performed also with PRESENCE 3.1 software [54] .
We tested for lack of independence among sampling units due to spatial autocorrelation [57] with the weighted correlation coefficient of Moran (Moran's I) in ArcView 3.2a [58, 59] . Spatial autocorrelation was not evident for any species included in occupancy analyses (Moran's I range = -0.18-0.34 for all species across sites; all Z-scores between -1.96 and 1.96). To evaluate the existence of potential thresholds in the responses of Andean carnivores to the variables identified as most strongly related to occupancy (i.e., distance to roads, occupancy rates of domestic dogs), we applied generalized piecewise linear regression models to the occupancy rates of carnivores with the segmented package of R [60] . This type of model identifies existing discontinuities in the data in the form of break points [61] .
Results
Domestic dogs were common in all five study areas. The Andean fox and striped hog-nosed skunk, which occur in a broad array of native and disturbed habitats, were the most commonly detected native carnivores (S2 Table) and the only species recorded frequently in all study areas. The Andean bear and puma were recorded in three and four study areas, respectively, but we only had enough data to construct models for Filo Curiquingue and San Marcos. The long-tailed weasel and mountain coati were detected only occasionally in two study areas (Filo Curiquingue and San Marcos), and the pampas cat and Colombian weasel were not detected. These four species were not included in analyses.
Occupancy and detectability of domestic dogs
Mean estimated occupancy (Ψ^) for dogs was greater than 0.50 for all study areas and most strongly related to distance to houses and roads (Tables 2 and 3 ). However, the relationship between presence of dogs and these environmental predictors varied across sites. At two sites (Filo Curiquingue and Fuya-Fuya), occupancy was inversely related to distance to houses and distance to roads (Table 3 ). In contrast, the occupancy patterns of dogs at the remaining three sites increased with distance from roads and houses. Detection probability of domestic dogs was related to the lunar cycle in Filo Curiquingue and Guaytaloma (w+ = 0.69 and 0.87; β = 1.03 and 1.27 respectively) and remained constant at other sites ( Table 2 ). The type of carnivore urine used as a lure had no effect on detection of domestic dogs.
Occupancy and detectability of Andean carnivores
Models produced by both modeling approaches were highly congruent and indicate that occupancy rates of domestic dogs are important predictors of occupancy of the four Andean carnivores. Therefore, we present results of the single-species models in detail here (Tables 4 and 5) , and results of the two-species models in S3 Table. Except for one species and site (puma in Filo Curiquingue), the model with occupancy of domestic dogs (DOG) was the top single-species model, and this model was substantially better at predicting Andean carnivore occupancy than models with variables for habitat loss and fragmentation, distance to nearest house, or distance to nearest road (Tables 4 and 5 ). In Filo Curiquingue, the most important variable for explaining puma occupancy was distance to nearest road (Table 4) . Detection probability of two Andean carnivores (Andean fox and striped hog-nosed skunk) was related to the lunar cycle (range w+ = 0.64-0.83; β = 0.78-1.42), and detection probabilities were constant for the puma and Andean bear. The type of carnivore urine used as a lure had no effect on species detection. Goodness-of-fit tests did not indicate lack of fit in our global models (X 2 ! 12.31; p ! 0.59 for all species and sites).
Thresholds
Evidence for threshold responses by native carnivores to the most important variables was limited to responses by pumas and Andean bears at one site each (Fig 2) . In San Marcos, occupancy of pumas declined sharply when occupancy of domestic dogs reached 0.42 (± 0.08 95% CI, p = 0.03) and, in Filo Curiquingue, occupancy for Andean bears declined when occupancy of dogs reached 0.31 (± 0.05, p = 0.04). No other threshold responses were detected for these species or the Andean fox and striped hog-nosed skunk (p > 0.05).
Discussion
Current occupancy of four native Andean carnivores, including three habitat generalists (puma, Andean fox, and striped hog-nosed skunk) and one specialist (Andean bear), was best predicted by the presence of domestic dogs rather than habitat loss and fragmentation. These models provide significant evidence that both free-ranging and feral dogs negatively influence occupancy of Andean carnivores. Dogs affect populations of native wildlife by direct predation, through exploitative competition (asymmetric competitive abilities in obtaining limited resources), interference competition (interactions such as spatial exclusion, harassment, and intraguild predation), and by acting as vectors of disease such as canine distemper, parvovirus, and rabies [10, 12, 13, 15, 16] . Free-ranging domestic dogs usually occur in close proximity to human-dominated areas, rely heavily on human sources of food for subsistence, and do not respond numerically to potential declines of native prey [39, 62, 63] . Thus, free-ranging domestic dogs represent a substantial threat to Andean carnivores and other native species because they have the potential to maintain predation pressure and competition levels as native prey and native carnivores decline. Models for our most central study sites (Filo Curiquingue and Fuya-Fuya) provide support for this scenario, as occupancy of domestic dogs declined as distance from roads and houses increased, and occupancy of native carnivores was negatively related to the presence of dogs. In contrast, at remaining sites in the north and south of our study region, the negative relationship between occupancy of dogs and native carnivores was maintained but occupancy of domestic dogs increased with distances from houses and roads, likely reflecting the presence of feral dogs in these study sites. Local people report observations of feral dogs in these areas. Also, camera trapping studies in Cayambe-Coca National Park (Fig  1) in undisturbed habitats with and without feral dogs documented reduced abundance of medium and large mammals and changes in their activity patterns where feral dogs were present [16] . The results we report here suggest that the impacts of feral dogs on wildlife are widespread in the Ecuadorian highlands and, similarly, that free-ranging dogs are a significant threat. Human-induced forest destruction and fragmentation of habitats are major drivers of biodiversity loss worldwide [3] [4] [5] , and we expected these to be the key factors in explaining occupancy patterns of some Andean carnivores, particularly habitat specialists. Lack of support for these processes as the major drivers of occupancy patterns may have occurred for several reasons. Habitat loss and fragmentation may not strongly affect some Andean carnivore species because the landscape always has been patchy, comprising forest and shrub patches within a grassland matrix [29] , and some pastures with introduced grasses resemble structure of native habitats. Also, habitat loss and fragmentation may have resulted in decline and loss of species in the past and only the most resistant species are widespread today and modeled in this study. Half of the native carnivore species that should occur in the study region were not detected in our study (pampas cat and Colombian weasel) or were recorded very rarely (long-tailed weasel and mountain coati). With the exception of the long-tailed weasel, all of these species are habitat specialists. In contrast, three of the four species for which we obtained sufficient data to model (puma, Andean fox, and striped hog-nosed skunk) are generalist species that traverse and forage in a wide variety of vegetation types both native and non-native [34, [64] [65] [66] , and the Andean bear, which specializes on high altitude grasslands, is capable of long distance movements between resource-rich patches of native habitat [67, 68] .
Identification of thresholds in species responses to disturbance has been recognized as potentially important for conservation and management actions [69] [70] [71] . However, as in our study, the existence of thresholds has not been consistently supported by empirical evidence [72] [73] [74] [75] . Occupancy of pumas and bears exhibited a strong decline when the probability of occupancy by dogs reached about 0.40 and 0.30, respectively, at two sites in our study, but we did not find evidence of threshold responses at other sites or among other species of Andean carnivores although occupancy of dogs surpassed these thresholds at all sites. The reasons for inconsistencies in thresholds at our sites are unknown but could be related to a myriad of Carnivore occupancy and domestic dogs in the Andes of Ecuador species-specific and site-specific factors, such as defense mechanisms of native species, ranging behavior of domestic dogs, and habitat that influences detection of native species [9, 12, 76, 77] . Although most native habitat below 3,000 m of the high Andes of Ecuador has been converted to other land uses [20, 21] , no detailed accounts exist regarding the history of changes in the amount of habitat or configuration of the landscape or changes in the mammalian fauna [21] . Therefore, we do not know whether smaller carnivores in this region have always occurred naturally in very low population densities or whether their current status results from major declines prior to our study, and whether some species were under-sampled in this study. The long-tailed weasel is thought to be relatively common in the study region (though no population data are available) and is capable of traversing and foraging in disturbed habitats [25, 78] . Weasels communicate with scent marking [79, 80] . The limited number of photographs we obtained for this species could result from use of carnivore urine as an attractant. In contrast to the long-tailed weasel, the Colombian weasel is considered an extremely rare species and was only first described in 1978 [81] . The geographic range and population status of this species are unknown, but the species is reported to specialize on riparian areas within Andean forest which were not specifically targeted in our study [26, 37] . Local residents indicated that the pampas cat once was widespread in our study region but numbers have decreased dramatically in the last 10 to 15 years. Camera traps are effective in detecting small cats and should have recorded this species if it were present in our study sites [48, 82] . The few published studies that have examined the mountain coati also suggest that mountain coatis occur in very low population densities, present a patchy distribution, mostly limited to Andean forest in well preserved areas, and that this species rarely occurs in disturbed and fragmented areas like our study sites [83, 84] . In the tropical Andes most conservation-related research on carnivores has focused on the Andean bear (e.g., [36, 67] ), but clearly smaller carnivores are highly vulnerable, much less known, and deserve urgent attention.
Conservation implications and conclusions
Results of this study and our previous work in undisturbed habitat in Cayambe-Coca National Park [16] indicate that small, as well as large, carnivores are in critical need of conservation in the Ecuadorian Andes and clearly point to dogs as a significant threat to a broad range of wildlife species. Dog owners in rural areas in tropical regions like the Ecuadorian Andes commonly abandon dogs and neglect to feed and vaccinate them. Under these circumstances, domestic dogs often become free-ranging, or even feral within protected areas at the margins of development [85] .
Unlike habitat loss and fragmentation, occurrence of domestic dogs is not easily mapped at large spatial scales and as a result, the extent and intensity of domestic dog impacts on native species are unknown in most regions, despite the fact that domestic dogs are ubiquitous throughout the world and far outnumber all other native canid species combined [10, 12, 13, 16, [86] [87] [88] . For example, no population size estimates are available for dogs in the Ecuadorian Andes, and the time period in which dogs became a problem for wildlife in the region is unknown. However, human and dog population sizes generally are strongly correlated [11, 13] . The human population in the Ecuadorian Andes (approximately 7 million) is the densest (100 people/km 2 ) in the entire Andean region of South America [89] and, as a result, the Ecuadorian Andes may have a particularly large population of poorly managed domestic dogs. However, at least 40 million people, and their dogs, live in the Tropical Andes, laying the foundation for a widespread problem [90] . Based on our findings, in the last five years the Ministry of the Environment and other organizations in Ecuador have initiated a broad-based management program to eliminate feral dogs from protected areas and control dog populations in other rural areas (including domestic dog vaccination and sterilization programs, and creation of new regulations for managing and controlling domestic animals in buffer areas surrounding protected areas). Such efforts deserve recognition and could serve as a model to address impacts of dogs on wildlife and wilderness in other regions where human activities are widespread in the landscape and systematic management of domestic dogs is not common. 
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